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We study quantum and lassial Hanbury Brown-Twiss orrelations in waveguide latties. We
develop a theory for the propagation of photon pairs in the lattie, prediting the emergene of
nontrivial quantum interferenes unique to lattie systems. Experimentally, we observe the las-
sial ounterpart of these interferenes using intensity orrelation measurements. We disuss the
orrespondene between the lassial and quantum orrelations, and onsider path-entangled input
states whih do not have a lassial analogue. Our results demonstrate that waveguide latties an
be used as a robust and highly ontrollable tool for manipulating quantum states, and oer new
ways of studying the quantum properties of light.
Latties of oupled waveguides have been shown to be
extremely versatile in manipulating the ow of light [1, 2℄.
Suh systems enabled diret observation of optial ana-
logues of many fundamental quantum mehanial eets
suh as Bloh osillations [3, 4℄, Anderson loalization
[5, 6, 7℄, quantum Zeno eet [8℄, quantum walks [9℄
and many others [1, 2, 10℄. However, these eets were
all related to the wave properties of light rather than
to its partile nature. To observe the quantum prop-
erties of light, one should onsider orrelations between
single photons. Here we show that photon pairs propa-
gating in waveguide latties develop nontrivial quantum
orrelations unique to lattie systems. We experimen-
tally observe some of these features, albeit with redued
ontrast, using Hanbury Brown-Twiss intensity orrela-
tion measurements with phase-averaged oherent states.
Our results suggest that waveguide latties an be used
as a robust and highly ontrollable tool for manipulating
quantum states in an integrated manner, oering new
ways of studying quantum properties of light in stru-
tured media.
Consider a lattie that is made of idential optial
waveguides, eah supporting a single transverse mode,
as shown shematially in Fig. 1a. The evolution of the
quantized eletromagneti eld in eah waveguide is given
by the Heisenberg equation for the bosoni reation op-
erator a†. For a lattie with nearest-neighbors ouplings,
the Heisenberg equation for the reation operator of the
kth waveguide is given by:
i
n
c
∂a†k
∂t
= i
∂a†k
∂z
= βa†k + Ck,k+1a
†
k+1 + Ck,k−1a
†
k−1, (1)
where z is the spatial oordinate along the propaga-
tions axis, β is the propagation onstant of the waveg-
uides, Ck,k±1 are the oupling onstants between adja-
ent waveguides, and c/n is the speed of light in the
medium. The reation operators at any point along the
propagation are alulated by integrating Eq. (1):
a†k(z) = e
iβz
∑
l
Uk,l(z)a
†
l (z = 0), Uk,l(z) =
(
eiβzC
)
k,l
.
(2)
Uk,l(z) is a unitary transformation given by alulat-
ing the exponent of the oupling matrix izCk,l, whih de-
sribes the amplitude for the transition of a single pho-
ton from waveguide l to waveguide k. Sine any input
state an be expressed with the reation operators a†l
and the vauum state |0〉, the evolution of non lassial
states along the lattie an be alulated using Eq. (2).
When a single photon is oupled to waveguide l, the in-
put state a†l |0〉 ≡ |1〉l will evolve to the superposition∑
k U
∗
l,k |1〉k, where |1〉k is the state of a single photon
oupying waveguide k. However, measurements of the
probability distribution of single photons are not enough
to reveal the quantum properties of light, as the prob-
ability distribution of a single photon |Uk,l(z)|2 evolves
in the same way as the intensity distribution of lassial
light [9, 12, 13℄. The quantum mehanial properties of
light are observed when orrelations between the propa-
gating photons are onsidered. In this Letter we fous on
the evolution of the photon-number orrelation funtion
Γq,r =
〈
a†qa
†
raraq
〉
, when two indistinguishable photons
are injeted into the lattie.
We start by analyzing the simplest example of two
oupled waveguides. The oupling matrix in this ase
is
←→
C =
(
0 C
C 0
)
, and the transformation Uk,l(z) is
therefore
←→
U (z) =
(
cos(Cz) isin(Cz)
isin(Cz) cos(Cz)
)
. The ou-
pler ats as a beam splitter, with the reetion and
transmission oeients varying ontinuously along the
propagation. If two photons are injeted to the ou-
pler, one to eah waveguide, the average photon number
at eah of the waveguides is onstant sine n1(2)(z) =〈
a†1(2)a1(2)
〉
= |U11|2 + |U12|2 = 1. The nonlassial na-
ture of the light is revealed by onsidering Γ1,2, the prob-
ability to detet exatly one photon at eah waveguide
(a oinidene measurement). Using Eq. (2) we obtain
Γ1,2(z) = |U11U22 + U12U21|2 = Cos2(2Cz). Sine two
paths lead to the nal state of one photon at eah waveg-
uide, they interfere and the probability for a oinidene
measurement osillates along the propagation. After
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Figure 1: (a) A shemati view of the waveguide lattie used
in the experiment. The red arrow represents the input light
beam. (b) The alulated probability distribution 〈nq(z)〉 of
a single photon injeted to the entral waveguide of a periodi
lattie, as a funtion of the propagation distane. The photon
ouples oherently from eah waveguide to its neighbors, and
the probability distribution onentrates at two outer lobes.
() The alulated orrelation matries Γq,r, representing the
probability to detet at the output of the lattie exatly one
photon at waveguide r and one photon at waveguide q, when
both photons are oupled to a single waveguide at the enter
of the lattie, i.e. |ϕ0〉 ≡ 1/
√
2a†20 |0〉. This matrix is a simple
produt of two single-photon distributions, thus showing no
quantum interferene. The grey bars are obtained by sum-
ming the matrix along one axis, representing the results of a
single photon measurement.
propagating exatly half a oupling length zBS = pi/4C,
we nd Γ1,2(zBS) = 0. At this point the two photons
bunh, and are found together in either one of the two
waveguides.
←→
U (zBS) is idential to the transformation
of a symmetri beam splitter, and the oinidene mea-
surement vanishes in the same manner as in the Hong-
Ou-Mandel (HOM) interferometer [14℄. Sine a pair of
oupled waveguides is equivalent to a beam splitter, it is
possible to asade several of them in order to implement
quantum gates in an integrated manner [15℄. A lattie
of many oupled waveguides enrihes the variety of or-
relations obtained in integrated strutures, as we show
bellow.
We now turn to study the quantum properties of a pe-
riodi lattie with a large number of idential waveguides,
where all the oupling onstants are equal Cn,n±1 = C.
As long as the photons are far from the boundaries of the
lattie, Eq. (2) yields Uq,k(z) = i
q−kJq−k(2Cz), where Jq
is the qth Bessel funtion [2, 16℄. When a single photon
is oupled to waveguide k, it will evolve to waveguide q
with a probability nq = |Uq,k(z)|2 = Jq−k(2Cz)2. The
photon spreads aross the lattie by oupling from one
waveguide to its neighbors in a pattern haraterized by
two strong 'ballisti' lobes, as shown in Fig. 1b. If a se-
ond photon is oupled to another waveguide l, then the
average photon number at waveguide q is simply the in-
oherent sum nq =< a
†
qaq >= Jq−k(2Cz)
2+Jq−l(2Cz)
2
.
One again, the quantum nature of light is revealed by
onsidering the orrelations between the two photons. In
the following we study the orrelation Γq,r for three dis-
tint two-photon input states: i) Both photons are ou-
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Figure 2: Quantum and lassial orrelations in waveguide
latties. (a) The orrelation matrix Γq,r when the photons
are oupled to two adjaent waveguides i.e. |ϕ1〉 ≡ a†0a†1 |0〉.
The two photons exhibit bunhing, and will emerge from the
same side of the lattie. (b) The orrelation matrix when
the two photons are oupled to two waveguides separated by
one waveguide, |ϕ2〉 ≡ a†−1a†1 |0〉 . Here the two photons will
emerge either both from the lobes, or both from the enter.
() Measured lassial intensity orrelations Γ
(c)
q,r, orrespond-
ing to the |ϕ1〉 input state. (d) Measured lassial intensity
orrelations Γ
(c)
q,r, orresponding to the |ϕ2〉 input state.
pled to a single waveguide at the enter of the lattie, i.e.
|ϕ0〉 ≡ 1/
√
2a†20 |0〉 (ii) The two photons are oupled to
two adjaent waveguides |ϕ1〉 ≡ a†0a†1 |0〉 and iii) The two
photons are oupled to two waveguides, separated by one
waveguide, |ϕ2〉 ≡ a†−1a†1 |0〉. The orrelation matrix Γq,r
represents the probability to detet one photon at waveg-
uide q and its twin photon at waveguide r 6= q. The prob-
ability to detet both photons at the same waveguide q
is given by Γq,q/2.
Fig. 1 depits the orrelation matrix Γq,r at the out-
put of the lattie, when the two photons are oupled to
the same input waveguide (the |ϕ0〉 input state). In this
ase, there is no interferene and the orrelation matrix
is just a produt of the two lassial probability distribu-
tions, Γq,r = 2|Uq0Ur0|2. The orrelation map is hara-
terized by four strong lobes at the orners of the matrix,
resulting from the tendeny of the photons to propagate
in the ballisti diretions.
When the two photons are oupled to two neighbor-
ing sites, i.e. the |ϕ1〉 state, the orrelation map hanges
onsiderably as shown in Fig. 2a. The most obvious fea-
ture is the vanishing of the two 'o-diagonal' lobes: the
photons tend to bunh to the same lobe. This an be
thought of as a generalized HOM interferene. Two paths
lead to a oinidene measurement between waveguide q
and waveguide r: either the photon from waveguide 0
propagates to waveguide q and the photon from waveg-
uide 1 to waveguide r, or vie versa - from waveguide
30 to waveguide r and from waveguide 1 to waveguide
q [17℄. These paths are omplex and involve hopping
of the photons between many waveguides, nevertheless
they interfere and the orrelation matrix is thus given by
Γq,r = |Uq0Ur1 + Uq1Ur0|2. The destrutive interferene
whih leads to vanishing of the o-diagonal lobes an be
mathematially traed to the inherent 90o phase shift as-
soiated with nearest-neighbors oupling. We note that
sine the photons tunnel between the waveguides on-
tinuously, the visibility of the quantum interferene only
weakly depends on the overall length of the lattie.
The four lobes are reovered when the photons are ini-
tiated in the |ϕ2〉 state, i.e. with one waveguide sepa-
ration between the input sites (Fig 2b). However, this
state also ontains strong non-lassial features - note
the dierenes between Fig. 1 and 2b. The photon pair
exhibit bunhing but with a dierent symmetry: if one
photon is deteted in between the lobes, the probabil-
ity to detet the seond photon in a lobe vanishes, even
though a single photon is most likely to reah the lobes.
Similarly, if one photon is deteted in a lobe, it is ertain
that the other photon is also in a lobe. It is important to
note that in the above examples, the quantum interfer-
ene emerges sine the two photons are indistinguishable.
Interferenes with distinguishable partiles are possible,
but require an entangled input state [18℄.
Some of the speial features of these quantum me-
hanial orrelations an be aptured using intensity or-
relation measurements with lassial light [19, 20, 21℄.
The quantum mehanial probability to detet one pho-
ton at waveguide q and its twin photon at waveguide r
is related to the lassial intensity orrelation funtion
Γ
(c)
q,r = 〈IqIr〉 where 〈·〉 denotes statistial (or tempo-
ral) averaging. This non-loal intensity orrelation fun-
tion is usually disussed in the ontext of the lassial
Hanbury Brown-Twiss eet and its quantum interpre-
tation [11, 22℄. We studied experimentally intensity or-
relations at the output of a periodi waveguide lattie.
The lattie of 89 idential waveguides was fabriated on
an AlGaAs substrate using e-beam lithography, followed
by reative ion ething. Eah waveguide is 8mm long
and 4µm wide [23℄. The tunneling parameter between
sites C is determined by the eth depth of the sample
(1.3µm) and by the distane between neighboring waveg-
uides (4µm) and was measured to be 290m−1. We used
an OPO (Spetra-Physis, OPAL) pumped by a mode-
loked Ti:Sapphire laser (Spetra-Physis Tsunami) to
generate 150fs pulses, at a wavelength of 1530nm with
80MHz repetition rate. The average power was on the
order of 0.1mW , thus nonlinear eets were negligible.
Two-photon input states an be mimiked by injeting
into the lattie two phase-averaged oherent states: two
oherent states with the same mean photon number
and a utuating relative phase [19, 25℄. Thus, we
injeted two oherent beams into two dierent sites of
the lattie [24℄, and randomized their relative phase with
q
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q
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Figure 3: Quantum orrelation maps Γq,r for path-entangled
input states. (a) The two photons are injeted to-
gether to either of two neighboring waveguides,
˛˛
˛ψ(+)
E
=
1
2
“
a†21 + a
†2
0
”
|0〉. The orrelation is signiant only in the
'o-diagonal' peaks, whih indiates that the two photons
will emerge from opposite sides of the lattie. (b) The or-
relation map for an input state with two photons in either
of two waveguides with one waveguide separation, where
there is a pi-phase between the two possibilities,
˛˛
˛ψ(−)
E
=
1
2
“
a†21 − a†2−1
”
|0〉.
a spatial light modulator. For eah phase realization,
the intensity prole at the output faet of the slab
was imaged on an infrared amera, and the intensity
orrelations between all the waveguides were omputed.
The intensity-orrelation funtion Γ
(c)
q,r was obtained by
averaging the measured orrelations over many phase
realizations. The measured intensity orrelations for
the nearest neighbors (mimiking the |ϕ1〉 state) and
next-nearest neighbors (|ϕ2〉 state) inputs are presented
in gures 2 and 2d, orrespondingly. The patterns are
strikingly similar to the orresponding quantum orre-
lations Γq,r, exept for the redued ontrast. Indeed,
for two inoherent soures oupled to waveguides k and
l 6= k, the lassial orrelation is given by Γ(c)q,r(z) =
I20
(|UqlUrk + UqkUrl|2 + |UqlUrl|2 + |UqkUrk|2), where
I0 is the intensity oupled to eah waveguide. The
last two terms are responsible for the redued ontrast.
Thus, while the 'o-diagonal' lobes pratially vanish for
the quantum input state |ϕ1〉, a straightforward alu-
lation shows that for lassial light Γ
(c)
q,r >
1
3
√
Γ
(c)
q,qΓ
(c)
r,r,
in agreement with our experimental results. Still
these lassial Hanbury Brown-Twiss type intensity
orrelations do eho many of the speial features of the
quantum orrelations of Fig. 2a,b.
The great potential of waveguide latties for quantum
information probably lies in the extension of these on-
epts to non-uniform latties in order to speially de-
sign the orrelation properties, and in the utilization
of these multiport systems for handling more omplex
quantum states. As an example for the latter, onsider
the propagation of a path-entangled input state with
two photons in either of two neighboring waveguides,∣∣ψ(+)〉 = 12
(
a†21 + a
†2
0
)
|0〉. The alulated orrelation
map for this ase is presented in Fig 3a. The orre-
4lation in the 'diagonal' peaks ompletely vanishes and
is signiant only in the 'o-diagonal' peaks. Aord-
ingly, the two photons will always separate and emerge
from dierent sides of the lattie. The orresponding
orrelation map violates the Cauhy-Shwarz inequality
Γq,r <
√
Γq,qΓr,r, indiating that this ase has no appar-
ent lassial analog. As another illustration, onsider the
state
∣∣ψ(−)〉 = 12
(
a†21 − a†2−1
)
|0〉. Now the photons are
in either of two next-nearest neighboring waveguides, yet
with a pi-phase shift. The orrelation map shown in Fig.
3b reveals that in this ase, one photon will always reah
a lobe while the other will always reah the enter.
In this Letter we studied the evolution of photon pairs
along periodi latties, and have shown that the result-
ing quantum orrelations strongly depend on the input
states. We ompared our preditions with a lassial
wave theory, and experimentally demonstrated that some
features an be obtained using lassial intensity orrela-
tion measurements, yet with redued ontrast. The or-
respondene between the lassial and quantum nature
of light an be further studied by onsidering the evolu-
tion of quantum orrelations in the presene of dephas-
ing, whih an be introdued via lattie inhomogeneities.
Furthermore, waveguide latties oer new possibilities as
they an be designed in ways that are not feasible using
bulk or ber optial systems. It will be espeially inter-
esting to study the eet of suh latties on the propaga-
tion of other types of non-lassial light, suh as squeezed
states [26℄ and at states.
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